This paper focuses on the quasi-static crushing characteristics and the corresponding energy absorption of nine different shapes of small-scale composite tubes. The idea is to choose suitable cross sections and geometrical shapes of the composite tubes which can yield progressive deformation and higher energy absorption; the finalized geometrical shapes will be studied further for the inner core of a sacrificial cladding structure against blast loading. All the composite tubes have been manufactured by a hand lay-up technique using E-glass fabric and polyester resin. Quasi-static axial crushing tests have been conducted to understand the deformation patterns and the corresponding load-deformation characteristics of each composite tube. The effect of dimensions (thickness to diameter ratio) on the specific energy absorption of each composite tube was studied. Finally, the quasi-static test parameters such as the peak crush load, mean crush load and the specific energy absorption of all these composite tubes were compared. From this unique study, it was found that the specific energy absorption of special geometrical shapes (hourglass type -A, hourglass type -B, conical circular type -X and conical circular type -Y) of the composite tubes is significantly higher than the standard and uniform profiles such as the square and the hexagonal cross sections.
Introduction
The entire world faces the problem of security for industrial, military and civil engineering structures due to terrorist activities. The failure of the critical load bearing members such as beams, pillars, columns etc., and its debris cause major human casualties. Hence, a preventive solution is needed to safeguard the civil engineering structures and to avoid human casualties due to an explosion. Out of many proposed solutions, the concept of sacrificial cladding structure design [1] [2] [3] [4] has attracted more attention in terms of its functionality and its predictable behaviour. Any sacrificial cladding structure can have two layers (an outer skin and an inner core). The function of the outer skin is to distribute the blast pressure more evenly to the inner core which deforms progressively and absorbs most of the energy from the blast load, so that the main load bearing members of the civil engineering structures will be safeguarded. A few studies have been tried out [1] [2] [3] [4] with metals and their 2 * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0) 9-264.35.87 Email: Sivakumar.Palanivelu@UGent.be alloys for the inner core and the outer skin of the sacrificial cladding structure. However, the cost related to the material, manufacturing and its maintenance for these materials is higher. Furthermore, these materials can add more weight to the civil engineering structures. On the other hand, composite materials have relative advantages in terms of the specific energy absorption, weight and maintenance. Hence, in this research composite tubes have been chosen for the inner core of the sacrificial cladding structure. The concept of the proposed sacrificial cladding structure and the details of the adopted materials are given in Figure 1 . The selection of the composite tubes for the inner core involves two major requirements: (i) controlled, uniform and progressive crushing during loading (ii) maximum energy absorption. Therefore, a major question arises about the cross section, geometry of the composite tube and its variables (material and architectural) which can provide the above said requirements. A clear overview of the various variables which alter the energy absorption of composite structures can be found in [5] . The progressive crushing process which yields a higher energy absorption depends on the mechanical properties of the fibre and the resin, fibre and resin volume fractions, laminate stacking sequence, fibre orientation and the geometry of the tube [5, 6] . However, different levels of specific energy absorption can be achieved by changing the geometry while keeping the same variables for the other parameters of the composite structures [7] . Hence, a suitable geometrical shape of the composite tubes which controls the progressive crushing process and maximizes the energy absorption has to be defined for the inner core structure of the proposed sacrificial cladding structure. The effect of the composite specimen dimensions and its geometry on the energy absorption were studied in [8, 9] using circular and square cross sectional composite tubes. The general conclusion of these studies is that the D/t (diameter to thickness) ratio significantly affects the energy absorption capability of these composite tubes. Thornton [10] and Thornton et al. [11] demonstrated experimentally that composite tubes with circular cross sections show a higher energy absorption capability than tubes with rectangular or square cross sections. Mamalis et al. [12, 13] reported that the square and rectangular cross sectional composite tubes have 0.8 and 0.5 times the specific energy absorption of circular composite specimens. The reason for the lower energy absorption is due to higher stress concentrations at the corner edges of the tubes which leads to the formation of the axial cracks only at those locations. Jimenez et al. [14] conducted a study on open sections such as "I" sectional composite tubes. The result of this research showed that the energy absorption capability of the "I" sectional profile is 15% smaller than the square cross sectional composite tube; and the corresponding peak crush load during the crushing process was 60% lower. Studies by Mamalis et al. [13, 15] on conical shells showed that the specific energy absorption decreases as the semi-apical angle of the frusta increases. Furthermore, they concluded that the transition point between the stable and unstable collapse with respect to the semi-apical angle lies in the range of 15 to 20 degrees.
Very few studies have been carried out on special geometrical shapes of composite beams which are mainly intended for automobile crashworthy applications. Elgalai et al. [16] investigated the crushing response of composite corrugated tubes under quasi-static axial loading. Two types of composites tubes were tested. One was carbon/epoxy in a filament wound structure and another was glass/epoxy in woven roving form. They reported that the introduction of corrugation significantly enhanced the energy absorption capability of these composite tubes. However, this conclusion has to be verified for other architectures such as uni-directional fabric composite tubes. Farley and Jones [17] investigated the effect of reducing the included angle in carbon/epoxy elliptical composite tubes. They found that the specific energy absorption increases with decreasing the angle. The specific energy absorption improved about 10% to 30% corresponding to a reduction of the included angle from 180˚ to 90˚. Mamalis et al. [18] investigated the energy absorption characteristics of an automotive rail frame (closed form of the horizontal hourglass section) made of glass vinylester composite. They reported that the specific energy of the progressively collapsed composite rail beams is almost constant as the ratio t/L (thickness/length) of the shell increases. Furthermore, they concluded that the closed form of the horizontal hourglass section gave a higher specific energy than square tubes with the same material and loading conditions. Recently Zarei et al. [19] studied the energy absorption characteristics of a hexagonal box with vertical ribs. These test specimens were manufactured from woven fiberglass/polyamide plates using thermoforming welding method.
As we have seen in previous paragraphs, different shapes of energy absorbing composite structures are studied for specific applications. Furthermore, the dimensions of these composite test specimens are generally much larger than the inner core composite tubes of the proposed sacrificial cladding structure. In addition to that, there are geometrical shapes whose energy absorption capabilities have not been studied yet. A few examples of such geometrical shapes (hourglass type -A, hourglass type -B, hourglass type -X, hourglass type -Y and conical circular type -X) are shown in Figure 2 . In order to evaluate the energy absorption characteristics of these composite tubes and to compare the results with the standard profiles such as the circular, square and hexagonal cross sectional tubes, nine different geometrical shapes have been considered (refer Figure 2 ). Due to a higher performance to cost ratio and the acceptance in many applications, E-glass fabric and polyester resin were chosen for this study. A few studies [20, 21] demonstrated that the fibre orientation along the axis of the composite tube absorbed more energy than other orientations. In connection with the above factors, the uni-directional configuration (fibres parallel to the axis of the tube) was chosen for our study. In order to scale these composite tubes for different loading conditions (different energy absorption levels) and to understand the effect of t/D (thickness to diameter) ratio for each geometrical shape, two t/D ratios have been chosen for our study. The details of the geometrical shapes and the corresponding inner surface dimensions are given in Figure 2 . The dimensions of each geometrical shape were chosen considering a tentative packaging space to integrate with the civil engineering structures and the current manufacturing (hand lay-up) technique limitations. To produce a significant deceleration during the crush event, the failed tubes should exhibit delamination, bending of plies, axial cracking and fibre fracturing modes [6] . To achieve the above said failure modes and to reduce the peak crush load, an initiator for stable progressive crushing is very important. These initiators are known as "triggering" mechanisms. A few studies [14, 22] have been conducted to study the effect of different triggering mechanisms on the energy absorption. However, the 45 ⁰ chamfering around one edge of the composite tube is widely used [5, 8-10, 15, 22] and hence, in this study also the same profile is adopted. A large amount of quasi-static investigations [6, 8, 16, 20, [23] [24] [25] has been carried out to study the energy absorption characteristics of metal and composite structures. The advantage of this method is the very slow speed of the crushing process and it helps to capture the deformation behaviour of the test specimens. Quasi-static testing can help us to reject many choices of composite tubes which exhibit non-progressive or catastrophic failure modes and, hence, lower energy absorption. Furthermore, it can give us a preliminary idea about the deployment of different geometrical shapes of composite tubes for different blast loading conditions. The qualified set of geometrical shapes from this quasi-static evaluation can be further considered for dynamic studies. Hence, in order to understand the crushing behaviour and the corresponding energy absorption of these small-scale composite tubes quasi-static axial crushing tests were conducted. The test parameters, such as the specific energy absorption, peak crush load, mean crush load and the efficiency of the crushing process, are presented. All the composite test specimens have been manufactured by hand lay-up using E-glass fabric, polyester resin and polyurethane foam mandrels as explained in the next section.
Materials and manufacturing of composite tubes

Materials and dimensions of the composite tubes
The composite tubes tested in this investigation were fabricated by hand lay-up using a uni-directional E-glass fabric (Roviglass R475/17). In the fibre direction , the reinforcement was 475 g/m 2 , while in the direction , the reinforcement was 17 g/m 2 (refer Figure 3(a) and 4(a) ). The Synolite 1408-P-1 polyester resin (low viscous, pre-accelerated, promoted thixotropic medium reactive unsaturated polyester resin) was used to manufacture * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be the composite tubes. Nine different geometrical shapes ( Figure 1 ) with two different thicknesses (1 mm and 2 mm) have been chosen for the quasi-static axial compression test. Studies conducted on the progressive crushing of circular cross sectional composite tubes proved that tubes having a t/D ratio less than 0.015 will fail catastrophically [26] . However, tubes with a t/D ratio in the range of 0.015 to 0.25 will crush progressively. Hence, the t/D and t/W (thickness to width) ratio of the tubes were chosen as per the above recommendation for 1 mm and 2 mm thickness tubes (refer Table 1 ). The average diameter was considered for t/D calculation for the composite tubes with non-uniform cross section along their length and the calculated average values (from 4 test specimens) for each composite tube series are given in Table 1 . The length of all the composite tubes was restricted to 100 mm. A polyurethane foam with density of 104 kg/m 3 was used to make all the mandrels (refer Figure  3(b) ). Email: Sivakumar.Palanivelu@UGent.be
Fabrication
Adopting sophisticated methods for manufacturing of composite tubes with different geometrical shapes need considerable resources. Furthermore, it may not be feasible to obtain such a low volume of tubes with different geometrical shapes from any commercial manufacturer. Hence, due to the versatile advantages such as low tooling cost, start-up and low capital cost, the hand lay-up technique was chosen to manufacture all composite tubes. The steps involved in the fabrication of the composite tubes are as follows: (i) the polyurethane foam mandrels were made as per the inner dimensions of the composite tubes. The fabricated polyurethane foam mandrels for a few geometrical shapes are shown in Figure  3 (b). (ii) the E-glass fibre mat was cut into the developed length for each geometrical shape of the composite tubes. (iii) these polyurethane foam mandrels were inserted into a rotating rod which was clamped at both ends (the filament winding machine was used for this purpose). A uniform mixture of Synolite 1408-P-1 polyester resin and 1% Butanox M-50 (curing agent) was uniformly applied on the surface of the rotating polyurethane foam mandrel. Subsequently, the E-glass fibre mat was placed and wrapped around the polyurethane foam mandrel and, further, the resin mixture was applied to it. Special care was taken not to alter the fibre orientation during the wrapping and resin application process. In order to get a better surface finish, the composite tubes were continued to rotate for at least two hours after manufacturing. Finally, the composite tubes were post-cured for 24 hours at room temperature followed by 24 hours at 60 ⁰ C and 24 hours at 80 ⁰ C, as per the supplier recommendation. After curing, the polyurethane foam inside the composite tube was removed by using special tools. The number of E-glass fabric layers used to achieve 1 mm and 2 mm thicknesses of the composite tubes was one and two respectively. Later, the triggering geometry (45 ⁰ chamfering) was introduced on one side of the composite tubes and the details are shown in Figure 4 (a). In total, 18 composite tube series were tried out to study the deformation patterns and their corresponding energy absorption behaviour. The nomenclature and the corresponding dimensional details of the composite tube series are given in Table 1 . The average linear density (mass per unit length) measured from four tubes for each tube series is reported in Table 1 
Experimental results and discussions
The crushing characteristics, deformation patterns and the corresponding loaddeformation histories of all the composite tube series are studied for quasi-static axial compressive loading condition. The corresponding results of the composite tubes are presented based on their geometrical shape. An electro mechanical Instron 4505 machine with a cross head displacement of 10 mm/min was used to conduct all the quasi-static crushing tests. For each composite tube series, a minimum of four tests has been conducted and used to calculate the average crushing parameters of the composite tubes. The scatter of the crushing parameters from these tests is low despite using hand lay-up to manufacture the tubes. The details of the scatter are presented in the subsequent section. For simplification, the compressive load and compressive displacement are indicated in positive numbers in all the load-deformation curves. During the testing of all series of composite tubes (18 tube series) there was no significant effect noticed due to the transverse fibres ( ).
Square cross sectional tubes
The deformation patterns of the square cross sectional composite tubes with t/W ratio of 0.045 and 0.083 are shown in Figure 5 (a) and 5(b). The square composite tubes with t/W ratio of 0.045 exhibited a catastrophic failure mode. The initial stages of the crushing showed the progressive crushing of the triggering profile. However, immediately after the crushing of the triggering profile a sudden growth of the axial cracks was observed and they propagated along its entire length. In all four test specimens, the axial cracks were observed only at the corner locations. This may be due to the stress concentrations at the corners of the square composite tubes [12, 13] . Furthermore, the axial cracks were formed only at the interface locations of one roving to another. This can be clearly seen from Figure 5 (a -top). Due to the sudden growth and propagation of the axial cracks, the composite tube (SS) lost its load bearing capacity in the later crushing stages. As an example, the load-deformation history of a composite tube (SS) is shown in Figure 5 (b -top). It can be seen that the crushing load dropped immediately after the peak crush load. The average peak crush load for this case was 2.2 kN. Although, the t/W ratio of this composite tube (0.045) was chosen as per the recommendation given in [26] , the square cross sectional tube geometry showed a catastrophic failure mode.
The 2 mm thickness square cross sectional composite tubes showed a uniform and progressive crushing failure mode throughout their length. For this composite tube (SD), after the circumferential delamination, the primary longitudinal cracks (axial cracks) were developed along the corners. As a result, each side of the composite tube has split into petals moving inwards and outwards [15, 20] . The major crushing energy of the composite tubes was consumed by lamina bending followed by the breakage of resin bonds. The separation of plies from each other occurred at the mid thickness of the tube wall due to a delamination process. The typical failure modes such as delamination, axial cracks, lamina bending and fibre fracturing were evident (refer Figure 5(a -bottom) ) throughout the crushing process. The corresponding load-deformation history of one of the composite tube is shown in Figure  5 (b -bottom). The load-deformation curve followed three phases. The first phase was the increase in load at the initial stage of the compression. During this stage, the triggering region of the composite tube was completely crushed; subsequently, the circumferential delamination started. The area under the peak crush load in the load-deformation curve corresponds to the total energy spent on the initial circumferential delamination of the 8 * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be composite tube. After the circumferential delamination, the peak crush load decreased abruptly. This corresponds to the second stage of the crushing. At the end of this second stage, a significant amount of the energy was consumed by bending of the petals followed by the shear deformation of the plies that led to fibre fracture. The chronological order of the delamination, axial cracks, bending of petals and the shear fracture of the fibre continued for the subsequent stages of the crushing. Due to the above failure modes, the crushing load of the tube oscillated around a mean value. This was the third stage of the crushing. The average peak crush load for this case was 7.47 kN. 
Circular cross sectional tubes
The typical deformation pattern and the corresponding load-deformation curve for 1 mm thickness circular cross sectional composite tubes are shown in Figure 6 (a -top) and 6(btop). Unlike 1 mm thickness square cross sectional composite tubes, the 1 mm thickness circular cross sectional tube showed controlled progressive failure modes. Although the composite tube was made by a single layer of E-glass fabric, the circumferential delamination started at the mid-wall thickness of the composite tube. This can be clearly seen from Figure  6 (a -top) and was confirmed by longitudinal cut sections of these tubes. Consequently, axial cracks were formed parallel to the axis of the tube. The uniform geometry of the circular cross sectional tube facilitated formation of a large number of axial cracks and, thus, more petals were formed [22] . The major amount of the crushing energy was absorbed due to the increasing number of longitudinal cracks and the subsequent bending of the petals [6, 22] . The bending angle of the petals was larger than for the square tubes. During the crushing process, a considerable amount of fibre fracturing was observed. Similar to the square tubes, * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be the axial cracks were formed only at the interface location of each roving. The average peak crush load of this composite tube (CS) was 3.09 kN. The results from the circular cross sectional tube gave a clear indication that the geometry of the composite tube plays a vital role for the progressive crushing even though the composite tube specimen dimensions remains the same (i.e., the t/D for the circular and t/W for the square cross sectional composite tubes).
Similar to 1 mm thickness circular cross sectional composite tubes (CS), the 2 mm thickness circular tubes (CD) showed progressive deformation failure modes. In this case also, the circumferential delamination occurred at the mid-thickness of the tube. Consequently, axial cracks were formed parallel to the axis of the tube. Similar to the 1 mm thickness composite tubes, there were more axial cracks observed. The number of axial cracks varied from 10 to 14 for each composite tube. During the crushing process, a significant amount of fibre fracturing was also observed. These failure modes can be easily seen from Figure 6 (a -bottom) and 6(b -bottom). This composite tube (CD) showed a very stable and progressive crushing throughout the crushing process. Unlike square composite tubes (SD), the 2 mm thickness circular composite tube (CD) showed no sudden drop in the crushing load (after achieving the peak crush load) which is a good indicator for the energy absorption. The average peak crush load for this case was 6.97 kN. 
Hexagonal cross sectional tubes
The crushing performance of 1 mm thickness hexagonal cross sectional composite tubes (HS) was very similar to 1 mm thickness square cross sectional tubes (SS). A local kink in the fibres was observed after the crushing of the triggering profile (refer Figure 7(b -top) ). * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be Subsequently, the axial cracks were initiated and propagated through the entire length of the tubes (Figure 7(a -top) ). However, there was a difference noticed for the location of the axial cracks compared to the square cross sectional composite tubes. For the square cross sectional tubes with 1 mm thickness (SS) the axial cracks were formed consistently only at the corner locations. In the case of the hexagonal cross sectional composite tubes there was no consistency in the location of the axial cracks observed at the corner locations. These locations were changed arbitrarily. This may be due to the non-uniform strength associated with the manufacturing variations. Later crushing stages of the composite tubes showed a global wall buckling mode (refer Figure 7(b -top) . The corresponding load-deformation history of this composite tube can be seen from Figure 7 (b -top). The average peak crush load for this composite tube series was 2.52 kN.
The deformation patterns of the hexagonal cross sectional composite tube with t/D ratio of 0.083 are shown in Figure 7 (a -bottom) and 7(b -bottom). Similar to the square and the circular cross sectional tubes, the HD tube series exhibited a uniform and progressive crushing failure mode. The typical failure modes (circumferential delamination, axial cracks, lamina bending and fibre fracturing) of these composite tubes can be clearly seen from Figure  7 (a -bottom) and 7(b -bottom). The number of axial cracks for this case (HD) was limited to six. Unlike 1 mm thickness composite tubes (HS) the 2 mm thickness tubes (HD) exhibited axial cracks only at the corner location (refer Figure 7 (a -bottom)) due to the stress concentrations. The corresponding load-deformation history of this composite tube can also be seen from Figure 7 (b -bottom). The average peak crush load in of this case was 6.30 kN. 
Hourglass type -A shaped (circular cross sectional) tubes
The crushing behaviour of the hourglass type -A shaped composite tubes was very similar to the circular cross sectional tubes. The hourglass type -A tube showed the typical * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be crushing failure modes such as the circumferential delamination, axial cracks, bending of petals and fibre fracturing. However, there was a difference in the amount of fibre fracturing observed compared to other composite tube series. A considerable amount of fibres showed fracturing at the mid-length of the composite tube. The reduced cross section of the composite tube at its mid length resulted in a large quantity of fibres being blocked. Consequently, the subsequent folding of the fibres (due to the circumferential delamination) towards the axis of the composite tube caused a significant fracturing failure mode. This phenomenon can be seen from the final deformation pattern which is shown in Figure 8 (atop). Furthermore, due to this process, there was a significant difference in the loaddeformation history compared to the circular cross sectional tube with 1 mm thickness. The mean crush load of this composite tube increased considerably after achieving 20 mm of deformation length (Figure 8(b -top) ). The increased mean crush load of this case was caused by blockage of the fibre debris. The average peak crush load for this composite tube was 3.1 kN.
The crushing behaviour of the hourglass type -A shaped composite tube with 2 mm thickness (HAD) was very similar to that of the 1 mm thickness composite tube (HAS). The deformation pattern and the crushing performance of this composite tube are given in Figure  8 (a -bottom) and 8(b -bottom). The typical failure patterns of a brittle composite tube are well evident from these figures. Similar to HAS, there was an increase in the mean crush load noticed after 20 mm of deformation length. However, the total energy absorption of this tube was lower than the circular cross sectional tube due to a significant drop in the crush load (after the peak crush load). The average peak crush load for this case was 7 kN. 
Hourglass type -B shaped (circular cross sectional) tubes
The deformation patterns of the hourglass type -B shaped composite tubes with 1 mm thickness are shown in Figure 9 (a -top) and 9(b -top). Similar to the hourglass type -A geometry, this composite tube (HBS) showed the typical failure patterns such as delamination, axial cracks, lamina bending. Furthermore, a significant amount of fibre fracturing was also observed due to the reduced cross section at the mid length of the tube. The gradual reduction in the cross section of the composite tube facilitated achieving a linearly increased mean crush load after 20 mm of deformation length. This phenomenon can be seen in Figure 9(b -top) . The average peak crush load of this category of composite tube was 2.99 kN.
The deformation pattern and the corresponding load-deformation history of the hourglass type -B shaped composite tube with 2 mm thickness are shown in Figure 9 (a -bottom) and 9(b -bottom). The failure pattern of this composite tube was very similar to that of the circular cross sectional composite tubes. Unlike the 1 mm thickness composite tubes (HBS), the load-deformation history of this composite tube (HBD) showed no continuous increase in the mean crush load due to the geometry; however, there was an improvement in the mean crush load after 50 mm of deformation length. This shows that the hourglass type -B geometry does not play a major role for the mean crush load for the higher t/D ratio composite tube. However, this conclusion should be verified for different conical angles. In this investigation, a conical angle of 5 ⁰ was used (Figure 2 ). The average peak crush load of this composite tube was 6.42 kN. Email: Sivakumar.Palanivelu@UGent.be
Hourglass type -X shaped (circular cross sectional) tubes
The crushing performance of the hourglass type -X shaped composite tubes with 1 mm thickness was completely different from the earlier cases. This composite tube (HXS) showed a non-uniform failure mode. The initial stages of crushing showed progressive crushing of the triggering profile that led to the circumferential delamination. However, the later stages of the crushing showed a sudden growth and propagation of the axial cracks at its major diameter locations (refer Figure 10(b -top) ). This may be due to the higher compressive radial stresses at those locations. The number of axial cracks varied from 2 to 4 for each composite tube. As a result of this phenomenon, each composite wall segment underwent a local wall-buckling mode. Due to this effect, the crush load was increased considerably (refer Figure 10(b -top)  and 10(b -bottom) ). Subsequently, the fibres at the major diameter location were subjected to a fracture failure mode (refer Figure 10(b -top) ). The influence of these failure patterns on the crush load can be seen from Figure 10(b -top) . The sequence of the formation of the axial cracks at the major diameter and the subsequent local wall buckling and the fibre fracturing was continued to the next major diameter region of the composite tubes. The loaddeformation histories of these composite tubes showed a lower peak crush load than any other composite tube series due to the absence of the circumferential delamination failure mode. The average peak crush load of this composite tube was 1.25 kN. The deformation pattern and the corresponding load-deformation history of the 2 mm thickness composite tube (HXD) are shown in Figure 10 (a -bottom) and 10(b -bottom). The initial crushing stages of this composite tube (HXD) showed a clear evidence of the delamination between the inner and the outer plies. However, the later stages of the crushing showed non-progressive deformation failure modes (formation of axial cracks followed by local wall-buckling and fibre fracturing). Due to its larger wall thickness and the geometry, * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be the later stages of the crushing showed a sudden propagation of the axial cracks throughout its length (refer Figure 10(b -bottom) . As a result of this phenomenon, the mean crush load was reduced considerably (Figure 10(b -bottom) . Due to the absence of continuous delamination and lower number of axial cracks, the total energy absorption of this case was lower. Furthermore, the peak crush load (3.85 kN) of this case was lower than any other tube geometry with 2 mm thickness.
Hourglass type -Y shaped (circular cross sectional) tubes
The crushing performance of the hourglass type -Y shaped composite tubes (HYS and HYD) was very similar to hourglass type -X geometry tubes. The formation of axial cracks at the major diameter region due to the compressive radial stresses followed by the local wall-buckling failure can be seen from Figure 11(a) and 11(b) . Due to the tube geometry (no alignment of triggering profiles to the direction of the compressive loading), there was no delamination failure mode observed for these composite tubes (both 1 mm and 2 mm thicknesses tubes). The peak crush load of these tubes corresponds to the formation of the axial cracks at the major diameter regions. The average peak crush loads for these tubes were 1.4 kN and 4.6 kN for 1 mm and 2 mm thicknesses. For a few tubes, the formation of the axial cracks took place at the lower region of the tubes (refer Figure 11(b -top) . This may be due to the variation in the strength attributed by the manufacturing process. The deformation pattern and the corresponding load-deformation history of the 2 mm thickness composite tube (HYD) can also be seen from Figure 11 (a -bottom) and 11(b -bottom). The sequence of the failure patterns of these tubes is very similar to that of the 1 mm thickness tube (HYS). 
Conical circular type -X tubes
The crushing performance of these composite tubes (CXS and CXD) was similar to that of the circular cross sectional tubes. The typical failure pattern of these tubes showed the circumferential delamination at its mid-wall thickness, axial cracks, lamina bending and fibre fracturing. The final deformation patterns and the corresponding sequential failure stages are shown in Figure 12 (a) and Figure 12(b) . Similar to other composite tube series, the axial cracks were formed only at the interface locations of each roving. The average peak crush loads were 4.0 kN and 8.55 kN for 1 mm and 2 mm thickness tubes respectively. The peak crush loads in this case were higher than the peak crush loads of the circular cross sectional tubes due to the increased cross section at the triggering regions (Figure 2 ). In the case of 1 mm thickness composite tubes (CXS), due to the gradual reduction of the cross section (towards the bottom side), the mean crush load was increased after 50 mm deformation length. The increase in the mean crush load was caused by the blockage of fibres followed by fibre fracturing (refer Figure 12(a -top) ). However, due to a the larger wall thickness, there was no such clear evidence observed for 2 mm thickness composite tubes (refer Figure 12 (abottom). 
Conical circular type -Y tubes
The deformation patterns and the corresponding load-deformation curves of CYS and CYD composite tube series are shown in Figure 13(a) and 13(b) . The conical circular type -Y geometry with 1 mm and 2 mm thickness exhibited progressive crushing failure modes. Similar to other composite tube series, the initial circumferential delamination occurred at the mid-wall thickness of the composite tubes. Subsequently, axial cracks, lamina bending and * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be fibre fracturing failure modes were also observed. The initial crushing stages of these composite tubes showed a significant amount of fibre fracturing failure mode at the crushing end of the composite tube due to its geometry. This phenomenon can be seen from Figure 13 (a -top); the final length of the fractured fibres was shorter than for other composite tube series. The magnitude of the average peak crush load in these cases was higher than for the circular cross sectional composite tubes. This may be due to a higher t/D ratio of these tubes at their triggering ends. The t/D ratios at the triggering ends were 0.052 and 0.092 for 1 mm and 2 mm thickness tubes, respectively. The average peak crush loads were 4.4 kN and 9.3 kN for 1 mm and 2 mm thickness composite tubes, respectively. As a result of the higher peak crush load and the corresponding mean crush load, the total absorbed energy of these composite tube series was higher than for other composite tube series. 
Comparison of performance parameters
In order to qualify the different geometrical shapes of the composite tubes based on their performance, the crushing parameters are presented and compared in this section. To calculate the total energy absorption of each composite tube series a deformation length of 70 mm was considered. To understand the energy absorption effectiveness of each composite tube series, the specific energy absorption (SEA -normalized with respect to mass) was calculated based on Equation 1.
(1)
where P(l) is the instantaneous crushing load corresponding to the instantaneous crushing deformation length dl; l max is the maximum or total deformation length (70 mm); m t is the * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be mass of each composite tube for 70 mm length. Similarly, the mean crush load (P mean ) of each composite tube and the corresponding crush efficiency (η c ) throughout the crushing process were calculated based on Equations (2) and (3).
where P max is the peak crush load of each composite tube. The calculated average values (from 4 test specimens) of each composite tube series are given in Table 2 . The square and the hexagonal cross sectional composite tubes with 1 mm thickness exhibited a catastrophic failure mode. Hence, these two composite tube series (SS and HS) are not considered for the calculation of the performance parameters. 4.1. Effect of tube geometry on SEA and peak crush load
For 1 mm thickness composite tubes
The specific energy absorption of different geometrical shapes of the composite tubes with 1 mm thickness is shown in Figure 14 (a) and the corresponding average peak crush loads are shown in Figure 14(b) . It can be seen that the scatter of the crushing parameters is low despite using hand lay-up technique. Although the thickness of the composite tubes was the same, the standard and uniform geometrical shapes, such as the square and the hexagonal cross sectional profiles, showed a catastrophic failure mode. For composite tubes with 1 mm thickness, the specific energy absorption of the conical circular type -Y (16.2 kJ/kg), hourglass type -A (15.89 kJ/kg) and the circular cross sectional tube (15.9 kJ/kg) was higher than for other tube series. Furthermore, the specific energy absorption level of the hourglass type -B (13.21 kJ/kg) and the conical circular type -X (13.19 kJ/kg) composite tube was virtually the same. However, the geometrical shapes such as the hourglass type -X and hourglass type -Y exhibited a much lower specific energy absorption (5.14 kJ/kg and 4.44 kJ/kg respectively). The reasons for the lower specific energy absorption were the nonprogressive failure modes and the absence of delamination. The ranking from a higher to a * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be lower specific energy absorption based only on the geometry of the composite tubes with 1 mm thickness is given below.
Conical circular type -Y > Circular cross section = Hourglass type -A > Hourglass type -B = Conical circular type -X > Hourglass type -X > Hourglass type -Y.
From Figure 14 (b) it can be seen that to produce the same level of specific energy absorption, the conical circular type -Y composite tube provided a higher peak crush load (4.45 kN) than the circular cross section (3.09 kN) and hourglass type -A (3.1 kN) geometrical shapes. Keeping a lower peak crush load for the inner core member may attribute to achieve the deformation easily during an explosion event and so the magnitude of the peak load transferred to the non-sacrificial structure can be minimised. Hence, the selection of the circular cross sectional and hourglass type -A geometrical shapes would provide appropriate results at a lower peak crush load than the conical circular type -Y. However, the peak crush loads of these profiles have to be studied and confirmed for dynamic load cases. Similarly, there was a significant difference in the peak crush load noticed between the conical circular type -X (4.0 kN) and hourglass type -B (2.99 kN) geometrical shapes for the same level of the specific energy absorption. 
For 2 mm thickness composite tubes
The comparison of the specific energy absorption and the corresponding peak crush load for 2 mm thickness composite tubes are given in Figure 15 (a) and 15(b) respectively. Similar to 1 mm thickness tube, the scatter of the crushing parameters for 2 mm thickness composite tubes is low. Unlike 1 mm thickness composite tubes, the circular cross sectional tube showed a higher specific energy absorption value (30.4 kJ/kg) than any other composite tube series. The reason for the higher specific energy absorption was higher crush efficiency (71.4 %). The ranking from a higher to a lower specific energy absorption based only on the * Sivakumar Palanivelu, Tel: +32-(0)9-264.33.15, Fax: +32-(0)9-264.35.87
Email: Sivakumar.Palanivelu@UGent.be geometry of the composite tubes with 2 mm thickness is given below. The corresponding specific energy absorption values were already given in Table 2 .
Circular type > Conical circular type -Y > Conical circular type -X > Hourglass type -B > Hourglass type -A > Hexagonal > Square > Hourglass type -Y > Hourglass type -X Similar to 1 mm thickness composite tubes, the energy absorption levels of the hourglass type -X and the hourglass type -Y were lower than for other composite tube series. It can be noticed that the ranking is not the same as compared to 1 mm thickness composite tube series. This shows the influence of the dimensions (t/D ratio) of the geometrical shapes of the composite tubes on the specific energy absorption. The SEA of the standard profiles such as the square and the hexagonal cross sectional tubes was significantly lower than the geometrical shapes such as hourglass type -A, hourglass type -B, conical circular type -X and conical circular type -Y. From this study, it can be concluded that the consideration of the special geometrical shapes such as the hourglass type -A and hourglass type -B will provide a better specific energy absorption than the standard profiles such as the square and the hexagonal cross sectional tubes. Furthermore, it gives an indication that geometrical shapes such as the hourglass type -X and the hourglass type -Y can be excluded from further investigations.
Figure 15:
Comparison of specific energy absorption and peak crush load for 2 mm thickness composite tube series.
Conclusions
In this paper, the quasi-static energy absorption study of different shapes of small-scale composite tubes has been evaluated. Nine different shapes of the composite tubes with 45 ⁰ chamfering (triggering) were considered for this study. The effect of each geometrical shape was evaluated with two different thicknesses (1 mm and 2 mm). The crushing behaviour and the corresponding energy absorption values were captured by quasi-static axial compression tests. From the quasi-static experimental results it can be concluded that:
• Email: Sivakumar.Palanivelu@UGent.be type -X and conical circular type -Y showed uniform and progressive crushing failure modes. The failure mechanisms associated with these composite tubes were circumferential delamination, axial cracks, lamina bending and fibre fracturing. However, the composite tubes with the standard profiles such as the square and the hexagonal cross sections with the same t/W and t/D ratio showed a catastrophic failure mode. The major reason for the catastrophic failure was the initiation and sudden propagation of the axial cracks throughout the tube length. This shows that in addition to the t/D ratio, the geometry of the composite tubes plays a significant role for the progressive crushing.
• Though the hourglass type -X and hourglass type -Y geometrical shapes do not show the catastrophic failure mode, the total energy absorption of these composite tubes was lower than for other tube series. The reason for the lower energy absorption was the absence of the circumferential delamination.
• The square and the hexagonal cross sectional composite tubes with 2 mm thickness showed uniform and progressive crushing failure modes. From these results it can be concluded that in addition to the geometry, the t/D or t/W ratio of a composite tube also plays a major role for uniform and progressive crushing. The increased thickness from 1 mm to 2 mm for the hourglass type -X and hourglass type -Y has not facilitated to get all the typical progressive failure patterns of the composite tubes. Similar to 1 mm thickness composite tubes the hourglass type -X and the hourglass type -Y showed the axial cracks, wall-buckling and the fibre fracturing failure modes.
• Comparison with two different thicknesses showed that the consideration of the special geometrical shapes such as the hourglass type -A, hourglass type -B, conical circular type -X and conical circular type -Y will provide higher specific energy absorption values than the standard geometrical profiles such as the square and hexagonal cross sectional tubes. Furthermore, this study has given a clear indication that the hourglass type -X and the hourglass type -Y can be excluded for further investigations.
• The peak crush load of the conical circular type -X and the conical circular type -Y composite tubes was higher than for other tube series. Hence the selection of other tube series such as the circular cross section, hourglass type -A and hourglass type -B would provide similar energy absorption values at lower peak crush loads. However, a dynamic investigation (impact or blast) is needed to verify this conclusion.
